Introduction
============

Knee Osteoarthritis (OA) is one of the world's leading causes of disability in older patients.[@b1-jpr-12-209] Also, a peripheral persistent inflammatory process and anatomic lesions can induce significant atrophy of gray matter in OA compared with controls.[@b2-jpr-12-209],[@b3-jpr-12-209] Along with pain severity, in the OA, there is also a reorganization in the somatotopy within the somatosensory and motor cortex.[@b4-jpr-12-209] Likewise, there is a neuroplasticity state adjustment linked to an increased level of serum brain-derived neurotrophic factor (BDNF). This neurotrophin plays a critical role in activity-dependent modulation at cortical synapses, and it is also associated with the disinhibition of motor cortex excitability.[@b5-jpr-12-209] Also, it is a marker of neuroplasticity state related to transcranial direct current stimulation (tDCS) effect.[@b6-jpr-12-209] Hence, tDCS is a promising technique because it modulates the thalamocortical synapses in a top-down manner within pain pathways[@b7-jpr-12-209] and it might change in thalamic inhibitory pathways, cingulate cortex, and periaqueductal gray matter induced by tDCS.[@b8-jpr-12-209]--[@b10-jpr-12-209]Also, it is supported by its efficacy to treat acute postoperative pain[@b6-jpr-12-209] and chronic pain (eg, trigeminal neuralgia, phantom pain, and fibromyalgia).[@b11-jpr-12-209]

Likewise, meta-analyses have demonstrated the efficacy of needling (ie, acupuncture and electroacupuncture) to relieve pain in knee osteoarthritis (KOA).[@b12-jpr-12-209],[@b13-jpr-12-209] Also, intramuscular electrical stimulation (EIMS), which differs from acupuncture in its theoretical basis. It is a technique that uses the insertion of needles with electrical stimulation into the motor points, local and paravertebral muscles.[@b14-jpr-12-209] Several studies have reported that EIMS can be an effective modality for musculoskeletal pain (ie, myofascial pain syndrome, chronic tensional headache, upper trapezius muscle, and lower back pain).[@b15-jpr-12-209],[@b16-jpr-12-209] Additionally, recently we found that in severe KOA, one session of EIMS led changes in the motor cortex excitability, such as reduced intracortical facilitation and increased the cortical silent period.[@b17-jpr-12-209]

Thus, the most promising areas of research give theoretical and experimental support to ongoing testing of a combined therapy to provide best protocols to maximize the clinical effect of tDCS and EIMS. Extant literature provides evidence that the tDCS modulates the thalamocortical synapses by top-down effects through of neuronal and synaptic activity, as well as in neuronal network dynamics, with an impact on deep brain structures in ways that modify cortical excitability;[@b18-jpr-12-209] while the EIMS modulates pain processing by bottom-up effects, activating inhibitory systems by stimulating afferent Ab and Ad fibers fibers[@b19-jpr-12-209] as well through the enkephalinergic, serotonergic, and noradrenergic inhibitory systems.[@b20-jpr-12-209] Notwithstanding, it persists a gap to investigate if the tDCS effects can be optimized when combined with peripheral electrical neuromodulatory approaches.

Thus, we tested the hypothesis that the combined therapy (active (a) -tDCS/a-EIMS) would be more efficacious than sham (s) interventions (s-tDCS/s-EIMS) or single interventions (a-tDCS/s-EIMS and/or s-tDCS/a-EIMS) in the following domains: pain measures (visual analog scale \[VAS\] score and descending pain modulatory system \[DPMS\]) (primary outcomes), analgesic use, disability, and pain pressure threshold (PPT) (secondary outcomes). Also, we examined whether the effect of EIMS and tDCS on PPT could be associated with the serum level of the BDNF.

Patients and methods
====================

Design overview, setting, and participants
------------------------------------------

The Research Ethics Committee at the Hospital de Clínicas de Porto Alegre approved the protocol according to the Declaration of Helsinki. All patients provided oral and written informed consent before participating in this randomized, double blind, factorial design, four-groups, parallel clinical trial. De-identified data relating to intervention and primary outcomes will be made available on request to Caumo W (<wcaumo@hcpa.edu.br>) with no time restriction.

Our patients were recruited from the general population through the referrals from chronic pain specialists and from physiatrists of our institution, as well as by free posters in different hospital services and mass-dissemination newspapers. Inclusion criteria: women 50--75 years old, right-handed to minimize potential bias related to laterality, since we applied the tDCS on the motor cortex in the brain hemisphere contralateral to treated knee. In addition, they needed to report moderate-to-severe pain and stiffness of the knee, and functional impairment without significant relief with medication. The symptoms should have been present for at least 6 months. At baseline, a physiatrist with over 10 years of experience in treating OA evaluated the radiographs of knees and the degree of OA by the Kellgren--Lawrence (K--L) grading scale.[@b21-jpr-12-209] This scale is validated and has high reproducibility grading KOA.[@b22-jpr-12-209] Grading of 3--4 K--L has been included. The interview at baseline consisted of the Western Ontario and McMaster Universities (WOMAC) Index. Patients were eligible if they graded pain as moderate, severe, or extreme in at least one of five issues: pain when lying down, sitting, standing, walking, or climbing stairs.[@b23-jpr-12-209] They should present stiffness in the morning or late in the day and report moderate, severe, or extreme difficulty in at least 1 of 17 questions. Exclusion criteria: unable to read and patients with a body mass index \>35 kg/m^2^, since excessive weight could interfere with the capacity to walk and, consequently, the outcomes measures. Also, subjects using corticosteroids, with other concomitant rheumatology, orthopedic or neurological diseases, or with other uncompensated chronic diseases (ie, ischemic heart disease, kidney or hepatic insufficiency), were excluded. Additionally, we excluded patients with previous surgery on the affected area in the last 6 months, previous experience with acupuncture, or underwent to physical therapy in the last 30 days. The flowchart of the study is presented in [Figure 1](#f1-jpr-12-209){ref-type="fig"}.

Interventions
-------------

Patients were randomly assigned to receive four intervention groups: a-tDCS/a-EIMS (n=15), a-tDCS/s-EIMS (n=15), s-tDCS/a-EIMS (n=15), and s-tDCS/s-EIMS (n=15). They received five treatment sessions over consecutive days. Immediately after they received one session of a-tDCS or s-tDCS, all patients received one session of a-EIMS or s-EIMS.

### a-tDCS

The a-tDCS anodal was applied in the primary motor cortex (M1) contralateral to the treated knee and the cathode in the contralateral supraorbital region. Five sessions were held, lasting 30 minutes, with an intensity of 2 mA, ramp-up and ramp-down duration of 30 seconds, with a current density of 0.057 mA/cm^2^.[@b24-jpr-12-209] The rubber electrodes used were attached to a sponge soaked in 0.9% saline and had a size of 35 cm^2^ (5 cm vs 7 cm). The distance maintained between the electrodes was 7--8 cm. The sponges were changed for every patient to minimize the adverse effect.

### s-tDCS

Sham stimulation was performed the same way as the active stimulation, but the tDCS device was prepared to turn off after 30 seconds of ramp-up, mimicking the feel of active stimulation to the patient, as a longitudinal clinical trial had previously validated.[@b25-jpr-12-209]

### Active electrical (a-EIMS)

This study uses acupuncture needles with guide tubes (DongBang Acupuncture, Inc., Chungnam, Korea), 40 mm in length and 0.25 mm in diameter. The EIMS was applied to the needles with an electroacupuncture device (Sikuro, São Paulo, Brazil) with a constant current at a frequency of 2 Hz and intensity adjusted to the patient's tolerability during 30 minutes. The location of the EIMS is based on sensitized roots by chronic pain in KOA and the affected muscles.[@b26-jpr-12-209] Twelve needles were deeply inserted along the spinous processes maintaining a distance from the spinous process line of 2 cm at L1--S2 (nerve roots involved in the knee) and to the corresponding dermatomes at the following correspondent's anatomic sites: vast medial, rectus femoris, vast lateral, anterior tibialis muscles, and the pes anserine bursae.[@b17-jpr-12-209]

### Sham (s-EIMS)

Patients also received five sessions of 30 minutes. The electroacupuncture device (Sikuro) was prepared so that no electrical stimulation passed to the patient, but it remained on with the diode blinking, promoting visible and audible electrical stimulation. Rubber electrodes were placed on the sites where the needles were placed.

Instruments and assessments
---------------------------

### Outcomes

The primary clinical outcome was the VAS pain score and the main quantitative sensory testing outcome was the DPMS function assessed by the changes in the numerical pain scale (NPS) (0--10) during the conditioned pain modulation (CPM) task. The secondary outcomes were the WOMAC index, PPT, and analgesic use.

### Primary outcomes

**i)** VAS was used to measure pain intensity, ranging from 0 mm (no pain) to 100 mm (worst pain, the worst pain possible).

**ii)** CPM task was a conditioning stimulus. It consists of immersing the nondominant hand in cold water (0°C--1°C) for 1 minute. In the 30 final seconds, we measured the initial PPT1 in the dominant arm (test stimulus), considering the sensation of pain as 6 of 10 by the patient. Before the CPM task, we measured PPT0, obtaining the value of referred pain as 6 of 10 by the patient. The CPM task activates the diffuse noxious inhibitory-control-like effect. The efficiency of DPMS was evaluated by subtracting the PPT1 from the PPT0, where negative values indicate inhibitory of the DPMS.[@b27-jpr-12-209] We chose the right arm for test stimulus, because it is consistent with the paradigm studied in most of the existing literature. Additionally, a previous study showed that the arrangement of the test stimulus and conditioned stimulus do not influence the CPM[@b28-jpr-12-209]

### Secondary outcomes

**iii**) PPT: We used an electronic algometer (J-Tech Medical Industries, Midvale, UT, USA) to perform the tests. Before completing the trial, patients were advised to differentiate the sensations of pressure and pain. Patients were instructed to alert when experiencing pain onset verbally. We carried out three successive measurements at 3--5-minute intervals. According to a previous study, a lower PPT in the patellar tendon was a predictor of pain intensity and disability scores in KOA. We measured the PPT in the patellar tendon of the leg that we applied the EIMS, that is the sclerotomal hyperalgesia.[@b26-jpr-12-209]

**iv**) WOMAC index was used to assess the functional capacity related to pain, stiffness, and difficulties during daily activities. The answers refer to the symptoms of the last 48 hours. The score is obtained as follows: pain (0--20), stiffness (0--8), and physical function (0--68). The global score adds the scores of the three subscales; the maximum score is 96.[@b29-jpr-12-209]

**v**) They registered the analgesic use during the treatment period in a diary. To run the analysis we classified the analgesic intake in two categories: if they used at least three times a week or if they used painkillers more than three times a week.

Other instruments and assessment control for potential confounding factors
--------------------------------------------------------------------------

All questionnaires applied were validated for the Brazilian population. We used the Pittsburgh Sleep Quality Index to assess the sleep quality, Beck Depression Inventory to evaluate depressive symptoms and the Brazilian Portuguese Catastrophizing Scale to measure the catastrophizing of pain.[@b30-jpr-12-209]--[@b32-jpr-12-209] Demographic data and medical comorbidities were determined using a standardized questionnaire. At the baseline and the end treatment, blood samples were collected to measure serum BDNF. These blood samples were centrifuged at 4,500× *g* in plastic tubes for 10 minutes at 4°C and stored at −80°C for hormone assay. An ELISA using a ChemiKine BDNF Sandwich ELISA Kit, CYT306 (Chemicon/Millipore, Billerica, MA, USA) was used to determine the serum BDNF. The lower detection limit of the kit is 7.8 pg/mL for BDNF.

Use of analgesics at baseline was computed from the average weekly intake in the last 3 months. In data analysis, we considered the analgesic intake as a dichotomous variable, according to two categories: analgesic use at least three times a week or analgesic use more than three times a week. This approach was adopted because patients with chronic pain take rescue analgesics erratically, and the frequency of use varies weekly depending on the pain level.

Sample size
-----------

We defined the sample size by a difference with clinical relevance between interventions based on the VAS pain score according to previous study.[@b33-jpr-12-209] To reject the null hypothesis, we accepted an error type I of 5%. Thus, for an error type II of 10%, we needed 52 patients divided into four balanced groups (n=13) in a 1:1:1:1 ratio to test 1.25 points in the mean difference of VAS (0--100 mm) between groups. The effect size (f) for this difference was 0.25, as determined by ANOVA for repeated measures of five measures (post-randomization period) (1.25/5) and a 0.5 variation coefficient. Taking into account multiple outcomes and possible losses, the final sample size was 60 patients (15 per group).[@b34-jpr-12-209]

Randomization and allocation concealment
----------------------------------------

Randomization was generated in blocks of four. Before the recruitment phase, randomization was created using a computer system by researchers who did not administer the intervention. They set the sequence in separately sealed envelopes. The envelope was opened only by the physician who would apply the intervention and only at the time of administering it for one of the four groups: 1) a-tDCS/a-EIMS, 2) a-tDCS/s-EIMS, 3) s-tDCS/a-EIMS and 4) s-tDCS/s-EIMS.

Blinding
--------

The authors took the following measures to avoid bias: The same physician applied all the interventions, and the participants were instructed to clarify their doubts regarding interventions only with the doctor who applied the interventions; participants had no opportunity to meet each other. Two evaluators blind to randomization administered the scales. Furthermore, to assess whether blinding was adequate, we asked participants at the treatment end to guess whether they had received a-tDCS/a-EIMS, a-tDCS/s-EIMS, s-tDCS/a-EIMS, and s-tDCS/s-EIMS and to rate their confidence in the treatment on a Likert scale with five categories (no confidence to completely confident).

Statistical analysis
--------------------

The mean differences between the interventions groups at baseline were assessed using ANOVA, and categorical variables were examined using chi-square or Fisher's exact and Kruskal--Wallis tests. The values are presented as the mean (SD) or frequency. Continuous variables were tested for normality using the Shapiro--Wilks test.

Generalized estimating equations (GEEs) were conducted with an exchangeable working correlation structure to account for correlation between the sessions from a single participant to examine the changes in the outcome measures (VAS pain score, change on NPS \[1--10\] during CPM task, PPT, and WOMAC) between four experimental groups.[@b35-jpr-12-209] The factors were the interventions groups (ie, a-tDCS/a-EIMS, a-tDCS/s-EIMS, s-tDCS/a-EIMS, and s-tDCS/s-EIMS) and the time. We used a GEE model to analyze the treatment effect according to the group (ie, a-tDCS/a-EIMS, a-tDCS/s-EIMS, s-tDCS/a-EIMS, and s-tDCS/s-EIMS) on the VAS pain score during the 5 days of the treatment period. In this GEE model, the treatment group was the factor, the pain scores on VAS the dependent variable, and the analgesic use the covariate. The magnitude of the effect of treatment group on the number of analgesics used throughout the 5 days of treatment was presented by the number needed to treat (NNT). The Bonferroni's test was used to adjust the differences for multiple comparisons. We lost four daily assessments in one patient (1.33%), which was not a significant value to influence the analysis of the dataset. Spearman's correlation analysis was used to analyze the correlation between BDNF and PPT. All analyses were performed with two-tailed tests at the 5% significance level. The data were analyzed using SPSS version 24.0 (SPSS, Chicago, IL, USA).

Results
=======

Patients' characteristics
-------------------------

Patients' demographic and clinical characteristics are shown in [Table 1](#t1-jpr-12-209){ref-type="table"}. Fifty-nine patients completed the study; one patient in the a-tDCS/a-EIMS group withdrew because of fear of needles. There was no significant difference between groups. There were no significant side effects, and minor side effects due to tDCS were reported by \<12% of patients, which was similar between groups.

The rates of patients that assumed to receive active interventions were the following: A total of 87.5% in the a-tDCS/a-EIMS, 78.6% in the a-tDCS/s-EIMS, 86.7% in the s-tDCS/a-EIMS, and 73.3% in the s-tDCS/s-EIMS. Whereas, 2 (20%) patients in the a-tDCS/s-EIMS and 2 (20%) in the s-tDCS/s-EIMS reported that they did not know their treatment (χ2= 3.81; *P*=0.70). Regarding confidence rates in the treatment classified as confident or completely confident were the following: A total of 86.7% in the a-tDCS/a-EIMS, 73.3% in the a-tDCS/s-EIMS, 83.3% in the s-tDCS/a-EIMS, and 73.3% in the s-tDCS/s-EIMS, (χ2= 12.19; *P*=0.43).

Analysis of the treatment effect on the primary outcomes
--------------------------------------------------------

### Pain on VAS

A GEE model revealed the main effect for treatment group for the pain scores in the VAS. The a-tDCS/a-EIMS produced a higher reduction in the pain scores in the VAS compared with all three groups across the overtime (Wald χ2= 172.49, Df =3, *P*\<0.0001) (see [Figure 2](#f2-jpr-12-209){ref-type="fig"}). In addition, there was a significant main effect for time (Wald χ2=100.93, Df =4, *P*\<0.001) and a significant time × group interaction (Wald χ2= 24.17, Df =12, *P*\<0.01).

The within-subject test according to the treatment group analyzed by the GEE is presented in [Table 2](#t2-jpr-12-209){ref-type="table"}. We can see the main effect for treatment group in the pain scores in all groups (Wald χ2=8.69, Df =3, *P*\<0.03) and a main effect for time (Wald χ2=13.41, Df =4, *P*\<0.009), as well the time× group interaction (Wald χ2=37.90, Df =12, *P*\<0.001). This analysis indicates that all groups showed significantly decreased the pain scores over time. However, the group that received two active interventions (a-tDCS/a-EIMS) showed the larger reduction in the VAS score (see [Table 2](#t2-jpr-12-209){ref-type="table"}). The effect size (ES) within the group-treatment measured by the VAS score was larger for the a-tDCS/a-EIMS group (d=1.86). The a-tDCS/a-EIMS group showed an increment in the ES of 34.4% compared with s-tDCS/a-EIMS group. The analysis revealed a main effect for treatment group in the analgesic doses used (Wald χ2=6.19, Df =1, *P*\<0.01) and an interaction between the analgesic doses used× treatment group (Wald χ2=10.10, Df =3, *P*\<0.01) ([Table 2](#t2-jpr-12-209){ref-type="table"} shows the risk for the analgesic use and the NNT according to treatment group).

### Effect on the descending modulatory system on CPM

A GEE model revealed the main effect for treatment group for the change in the NPS (0--10) during CPM task (Wald χ2=8.78, Df =3, *P*=0.03), and the main effect for time (Wald χ2=18.35, Df =1, *P*=0.00), and a significant time× group interaction (Wald χ2=20.01, Df =3, *P*=0.00). The combined active groups (a-tDCS/a-EIMS) showed a statistically significant increase in the function of DPMS compared with sham. The effect of a single active intervention used in the DPMS was not statistically different to sham. The change on the NPS (0--10) during the CPM task by the treatment groups is presented in [Figure 3](#f3-jpr-12-209){ref-type="fig"}.

Analysis of the treatment effect on the secondary outcomes: PPT, WOMAC score, and analgesic consumption
-------------------------------------------------------------------------------------------------------

### Analgesic use during the week treatment

The analgesic use at least three times during the week treatment occurred in 74% of patients in the s-tDCS/s-EIMS and 45% of patients in the a-tDCS/a-EIMS. The relative risk (RR) for using analgesics was 0.60 (95% CI: 0.46 to 0.76), and the NNT was 3.33 (2.33--5.86). The analgesic use occurred in 69.2% in a-tDCS/s-EIMS. The RR for using analgesics at least three times during the week compared with a-tDCS/a-EIMS was 0.65 (95% CI: 0.50 to 0.84), and the NNT was 4.16 (95% CI: 2.68 to 9.36). The analgesic use occurred in 49.3% in the s-tDCS/a-EIMS and the RR for using analgesic at least three times during the week compared with a-tDCS/a-EIMS was 0.92 (95% CI: 0.68 to 1.23), and the NNT was 25 (95% CI: α to 5.61). It was possible to see that the groups that received a-EIMS had a higher reduction in the analgesic use, independent of being combined with a-tDCS or s-tDCS.

### Treatment effect on PPT and WOMAC score

A GEE model revealed the main effect for treatment group for the PPT (Wald χ2=8.99, Df =3, *P*=0.03), and the main effect for time (Wald χ2=51.48, Df =1, *P*=0.00), and a significant time × group interaction (Wald χ2=2.72, Df =3, *P*=0.01). All three groups with an active treatment showed a statistically significant increase in the PPT (a-tDCS/a-EIMS, s-tDCS/a-EIMS, a-tDCS/s-EIMS) compared to s-tDCS/s-EIMS.

A GEE model showed a main effect for treatment group for the WOMAC scores (Wald χ2=8.48, Df =3, *P*=0.03), the main effect for time (Wald χ2=86.80, Df =1, *P*\<0.001), and a significant time × group interaction (Wald χ2=27.02, Df =3, *P*\<0.001). A considerable improvement in the WOMAC scores was observed in the group with combined active groups (a-tDCS/a-EIMS), with a difference statically significant than groups with single active treatment (a-tDCS/s-EIMS, s-tDCS/a-EIMS) or (s-tDCS/s-EIMS) ([Table 3](#t3-jpr-12-209){ref-type="table"}). The WOMAC scores decreased significantly in the groups that received single active intervention compared with s-tDCS/s-EIMS.

The relationship between serum BDNF and PPT at the end of treatment
-------------------------------------------------------------------

The comparisons between groups are presented in [Table 4](#t4-jpr-12-209){ref-type="table"}. No significant differences in serum BDNF were observed between the intervention groups neither at baseline nor at the treatment end.

A higher level of serum BDNF at baseline was correlated negatively with the PPT at the end of treatment, independent of the intervention group. The scatterplot of the negative correlation between PPT and BDNF is presented in [Figure 4](#f4-jpr-12-209){ref-type="fig"}. The Spearman correlation coefficient was *r*^2^=−0.37, and the 95% CI was −0.57 to −0.13, *P*\<0.001. That is, patients with higher PPT presented a lower level of serum BDNF at the baseline or vice versa.

Discussion
==========

Our findings provide evidence that our novel approach to applying a combined active interventions tDCS and EIMS over the M1 improved pain scores and the DPMS function. Also, it improved the disability and reduced analgesic use. Even though, when we evaluated the effect of each active treatment combined with their respective sham, both reached a better result compared with s-tDCS/s-EIMS in the pain scores and the disability due to pain. However, the improvement in the DPMS function during CPM task produced by each treatment separately did not reach statistical significance compared with the s-tDCS/s-EIMS group. Together, these data suggest that the combined active intervention (a-tDCS/a-EIMS) is more efficient to improve symptoms of KOA. Finally, we found that BDNF levels at baseline predicted a higher PPT at treatment end independent of the intervention group.

Our results extend data that the combination of two active interventions (a--tDCS with a--EIMS) was more effective to improve pain than each one used alone in KOA. It is important to stress that we observed this effect in OA, which has a pathophysiological mechanism distinct of the other chronic pain pathologies that applied to the tDCS combined with some other therapy, such as low back pain, fibromyalgia, and myofascial pain. In addition, this study was the first to investigate the effect of the tDCS combined with EIMS to treat KOA in a factorial design. These effects might be clinically relevant since they produced an improved pain and disability in a short term compared with each one individually. Accordingly, they emerge as a novel therapeutic possibility to treat KOA, and confirm our hypothesis that the combined therapy could be more effective because tDCS modulates in a top-down manner, whereas the EIMS modulates in a bottom-up. Also, they are aligned to results of previous studies, which found a better effect when the tDCS was combined with another therapy (ie, tDCS/trigger point injection in myofascial pain and tDCS/aerobic exercises in fibromyalgia).[@b36-jpr-12-209]--[@b38-jpr-12-209] In the same way, in low back pain, it was found that the tDCS combined with the peripheral electrical stimulation resulted in 25% reduction for an immediate effect on recurrent back pain;[@b38-jpr-12-209],[@b39-jpr-12-209] whereas, in chronic low back pain, 12 sessions of tDCS simultaneously with transcutaneous electrical nerve stimulation (TENS) on nonconsecutive days produced a pain relief that lasted up to 3 months.[@b40-jpr-12-209]

In the present study, the tDCS was combined with EIMS, a technique based on the insertion of needles, that promotes effects for 72 hours given its effects on A delta fibers, thereby promoting activation of enkephalinergic , serotonergic, and noradrenergic systems;[@b23-jpr-12-209] whereas in previous studies, the tDCS was used combined with the TENS,[@b36-jpr-12-209]--[@b40-jpr-12-209] which activates cutaneous afferent fibers, and its effect on inflammation is possibly time-dependent.[@b41-jpr-12-209] In the other way, EIMS activates the K^+^/Na^+^ pumps and can lead to increments of BDNF secretion.[@b6-jpr-12-209],[@b42-jpr-12-209] Its action promotes a reduction of N-methyl-D-aspartate receptor function and glutamate excitotoxicity.[@b43-jpr-12-209] In the spinal cord, the BDNF modulates fast excitatory (glutamatergic) and inhibitory (GABAergic/glycinergic) signals, as well as slow peptidergic neurotransmission. It also regulates the expression of neuronal genes involved in the central sensitization process through transcription factors, such as c-fos and c-Jun.[@b44-jpr-12-209]

According to our findings, our combined approach (bottom-up with EIMS and top-down with tDCS) induced a synergistic effect strengthening the descending inhibitory pain system. Also, the result that a-tDCS combined with a-EIMS was better than every single active intervention may be explained by the occurrence of a priming effect, when one intervention favors a response to another.[@b38-jpr-12-209],[@b45-jpr-12-209] According to the literature, a-tDCS promotes long-term potential at the cortical level and increases the excitability based on default effects, whereas the EIMS induces long-term depression (decreased excitability) at the spinal level.[@b45-jpr-12-209],[@b46-jpr-12-209] Thus, the possible hypothesis is that these results occur due to the principles of homeostatic metaplasticity, where long-term potentiation comes from low neural activity, which is a mechanism of the tDCS effect. Additionally, the modulation of the synaptic plasticity threshold with a-tDCS/a-EIMS optimizes the neurophysiological effects of these two techniques toward increased neuronal excitability at M1 and greater analgesic efficacy.[@b47-jpr-12-209] Few potential mechanisms can be discussed to explain this synergistic effect, such as, 1) one of the primary mechanisms would be the restoration of inhibitory/excitatory balance by promoting excitation in both peripheral and central areas. In fact, it has been shown that chronic pain syndromes are associated with a lack of inhibitory activity that can be reestablished by increased excitation that leads to secondary inhibition; 2) the changes in cortical excitability promoted by these two interventions may promote the release of endogenous opioids.[@b9-jpr-12-209],[@b48-jpr-12-209] Thus, the increase in the effect of a-EIMS in the sequence of a-tDCS on the pain neural networks can interfere with functional connectivity, synchronization, and oscillatory activities in cortical and subcortical networks.[@b49-jpr-12-209] This result suggests that both interventions, in combination, led to stronger activation in the systems involved in pain processing (ie, opioidergic, glutamatergic, noradrenergic, GABAergic, etc.); however, how the combined therapy affects these systems in the long term needs to be investigated by future research.

We observed that the BDNF levels at baseline were correlated negatively with the PPT at the end of treatment, independent of the intervention group. Although the explanation for this finding is not clear, the BDNF levels are higher in situations of inflammation and persistent pain, where it might play a pro-nociceptive role.[@b50-jpr-12-209],[@b51-jpr-12-209] According to a previous study, serum levels of BDNF were higher in patients with KOA than in healthy patients of the same age.[@b52-jpr-12-209] In other chronic pain conditions, such as fibromyalgia, our group already had demonstrated a negative correlation between BDNF and PPT.[@b53-jpr-12-209] We hypothesize that the more dysfunctional patients have higher levels of BDNF, a more disinhibited descending inhibitory system, a lower PPT, and pain with less responsiveness to treatment.

Several issues concerning the design of our study should be addressed: first, when they were asked about the tDCS use, \<12% of patients guessed the intervention correctly. Thus, it is improbable that unblinding could change the directions of our conclusions. Second, although we found immediate pain relief for these patients, we believed that more sessions would lead to better and long-lasting effects.[@b54-jpr-12-209] However, future studies with more sessions and long-term follow-up will still be needed to allow us to assess the long-term clinical impact of these treatment possibilities in KOA. Third, we included only women because KOA's prevalence is higher in females. Hence, we cannot extrapolate our findings for men. Fourth, the formal assessment of awareness of group allocation (either active or sham) and the high level of confidence in the treatment demonstrated that the sham method seemed to have blinded patients' effectively.

Conclusion
==========

This study provides additional evidence regarding additive clinical effects to improve pain measures and descending pain inhibitory controls when the neuromodulation of the primary motor cortex with tDCS is combined with a bottom-up modulation with EIMS in KOA. Also, it improved the ability to walk due to reduced pain and reduced analgesic use.
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![Flowchart showing recruitment and progress through the study.\
**Abbreviations:** a, active; BDI, Beck Depression Inventory; BP-PCS, Brazilian Portuguese pain catastrophizing scale; CPM, conditioned pain modulation; EIMS, intramuscular electrical stimulation; PPT, pain pressure threshold; PSQI, Pittsburgh Sleep Quality Index; tDCS, transcranial direct current stimulation; s, sham; VAS, visual analog scale; WOMAC, Western Ontario and McMaster Universities Index.](jpr-12-209Fig1){#f1-jpr-12-209}

![Pain scores reported on visual analog scale measured daily in the knee to which the a-EIMS or s-EIMS was applied.\
**Notes:** Data are presented as mean (SEM). Numbers positioned above the symbols indicate difference between the interventions groups at time point compared by GEE model followed by the Bonferroni test for post hoc multiple comparisons.\
**Abbreviations:** a, active; D, day; EIMS, intramuscular electrical stimulation; GEE, generalized estimating equations; s, sham; tDCS, transcranial direct current stimulation; VAS, visual analog scale.](jpr-12-209Fig2){#f2-jpr-12-209}

![The change in NPS 0--10 during CPM task, before treatment and at end of treatment in the four experimental groups.\
**Notes:** The error bars indicate standard error of the mean. Numbers show differences between four treatment groups. All comparisons were performed by a GEE, followed by the Bonferroni test for post hoc multiple comparisons.\
**Abbreviations:** a, active; CPM, conditioned pain modulation; EIMS, intramuscular electrical stimulation; GEE, generalized estimating equations; NPS, numerical pain scale; s, sham; tDCS, transcranial direct current stimulation.](jpr-12-209Fig3){#f3-jpr-12-209}

![Scatterplot of the correlation between BDNF and pain pressure threshold in the intervention group (n=60).\
**Abbreviations:** BDNF, brain-derived neurotrophic factor.](jpr-12-209Fig4){#f4-jpr-12-209}

###### 

Demographic and clinical characteristics of the study sample.

  Variable                                          a-EIMS/a-tDCS (n=15)   a-tDCS/s-EIMS (n=15)   s-tDCS/a-EIMS (n(=15)   s-tDCS/s-EIMS (n=15)   *P*
  ------------------------------------------------- ---------------------- ---------------------- ----------------------- ---------------------- ------
                                                                                                                                                 
  Age (years)                                       66.00 (9.08)           64.14 (9.82)           64.40 (6.02)            63.87 (7.07)           0.88
  Body mass index (kg/m^2^)                         29.27 (4.15)           29.47 (3.69)           30.85 (4.82)            28.83 (3.85)           0.58
  Employed (yes/no) (%)                             2/14 (27.1%)           3/10 (22.0%)           1/14 (25.4%)            3/12 (25.4%)           0.60
  School years                                      7.75 (4.19)            8.32 (4.15)            9.13 (4.63)             6.20 (3.84)            0.28
  Pain during most days (VAS)                       6.31 (1.14)            6.57 (0.51)            6.07 (1.39)             6.73 (0.46)            0.26
  Psychiatric disease diagnosis (yes/no), n (%)     6/10 (26.7)            6/8 (23.3)             3/12 (25.0)             5/10 (25.0)            0.59
  Psychotropic medication, n (%) yes                8 (53.3)               8 (53.3)               3 (20)                  7 (46.7)               0.41
  Smoking (yes/no), n (%)                           2/14 (26.7)            0/14 (23.3)            0/15 (25.0)             1/14 (25.0)            0.32
  Alcohol (yes/no), n (%)                           4/12 (27.1)            2/12 (23.7)            2/13 (25.4)             1/13 (23.7)            0.58
  Number of subjects with another chronic illness   1 (0.89)               1.5 (1.5)              1.8 (1.74)              1.4 (0.83)             0.39
  Type of chronic disease                                                                                                                        
   Diabetic, n (%) yes                              2 (13.3)               2 (13.3)               3 (20)                  4 (26.7)               
   Hypothyroidism, n (%) yes                        2 (13.3)               3 (20)                 1 (6.7)                 1 (6.7)                
   Hypertension, n (%) yes                          8 (53.3)               7 (46.7)               10 (66.7)               13 (86.7)              
   Other, n (%) yes                                 1 (6.7)                0                      2 (13.3)                1 (6.7)                
  WOMAC (total score)^a^                            54.75 (19.80)          52.36 (20.35)          54.13 (18.56)           50.47 (13.75)          0.95
   WOMAC- stiffness                                 4.93 (2.91)            4.50 (2.50)            4.93 (2.74)             4.33 (1.76)            0.88
   WOMAC- daily activities                          25.60 (10.87)          24.07 (10.55)          23.53 (10.68)           22.33 (9.72)           0.86
   WOMAC- pain                                      10.93 (4.43)           10.64 (5.11)           11.80 (3.36)            10.87 (3.56)           0.88
  Pain score in the VAS in the last 24 hours        5.59 (2.63)            6.07 (2.42)            5.27 (1.91)             5.50 (2.77)            0.84
  Beck Depression Inventory                         14.75 (11.22)          12.64 (9.47)           11.07 (12.07)           8.53 (4.70)            0.36
  Brazilian Portuguese pain catastrophizing         29.37 (10.51)          28.86 (9.80)           22.27 (13.22)           26.73 (11.36)          0.30
  Pittsburgh Sleep Quality Index Score              18.94 (13.73)          23.71 (14.08)          22.73 (12.25)           16.80 (12.72)          0.45
  PPT (kg/cm^2^/second)                             2.81 (1.41)            3.56 (2.54)            3.71 (2.81)             3.41 (1.85)            0.72

**Notes:**

The Kruskal--Wallis test was used to compare median. Values are given as the mean (SD) or frequency (%) (n=60).

**Abbreviations:** a, active; EIMS, intramuscular electrical stimulation; PPT, pain pressure threshold; tDCS, transcranial direct current stimulation; s, sham.; VAS, visual analog scale; WOMAC, Western Ontario and McMaster Universities Index.

###### 

Primary outcome -- pain measures in the VAS immediately before receiving the treatment session and after each session.

                                                                              Cumulative mean (SD)   Delta mean value (post-treatment minus pre-treatment) 95% CI   Wald χ^2^   *df*   Effect size   [\*](#tfn3-jpr-12-209){ref-type="table-fn"}*P*
  --------------------------------------------------------------------------- ---------------------- -------------------------------------------------------------- ----------- ------ ------------- ------------------------------------------------
  **The cumulative pain scores on VAS (0--10 cm) throughout the treatment**                                                                                                                          
  1\. a-tDCS/a-EIMS (n=15)                                                                                                                                                                           
  Baseline                                                                    6.92 (1.97)                                                                                                            
  Before treatment sessions                                                   4.10 (1.92)            −3.59 (−4.10 to −2.63)[@b2-jpr-12-209]--[@b4-jpr-12-209]       8.69        3      1.86          0.03
  After treatment sessions                                                    0.51 (1.31)                                                                                                            
  2\. a-tDCS/s-EIMS (n=15)                                                                                                                                                                           
  Baseline                                                                    7.02 (2.63)                                                                                                            
  Before treatment sessions                                                   5.46 (2.47)            −2.13 (−2.48 to −1.64)[@b1-jpr-12-209],[@b4-jpr-12-209]                           0.86          
  After treatment sessions                                                    3.33 (2.12)                                                                                                            
  3\. s-tDCS/a-EIMS (n=15)                                                                                                                                                                           
  Baseline                                                                    6.75 (2.62)                                                                                                            
  Before treatment sessions                                                   4.78 (1.83)            −2.25 (−2.59 to −1.68)[@b1-jpr-12-209],[@b4-jpr-12-209]                           1.22          
  After treatment sessions                                                    2.53 (1.74)                                                                                                            
  4\. s-tDCS/s-EIMS (n=15)                                                                                                                                                                           
  Baseline                                                                    7.01 (2.47)                                                                                                            
  Before treatment sessions                                                   5.63 (2.86)            −1.77 (−2.08 to −1.38)[@b1-jpr-12-209]--[@b3-jpr-12-209]                          0.61          
  After treatment sessions                                                    3.86 (1.19                                                                                                             

**Notes:**

*P*\<0.05 indicates significant post hoc differences between groups adjusted for multiple comparisons by Bonferroni test. The differences are indicated via superscript numbers, which correspond to the respective groups labeled 1 to 4. The effect size by the Cohen's d within the group (delta value on VAS/SD before and after treatment sessions) was interpreted as small, medium, or large, using the following categories: 0.20--0.4 (small); 0.50--0.70 (moderate); and large (0.80 or higher). Data presented as mean (SD) (n=60).

**Abbreviations:** a, active; EIMS, intramuscular electrical stimulation; s, sham; tDCS, transcranial direct current stimulation; VAS, visual analog scale.

###### 

Secondary outcomes -- PPT and the functional capacity assessed by the WOMAC index.

                              Post -intervention vs pre-intervention   Delta value 95% CI                                            Wald χ^2^   *df*   Effect size   *P*
  --------------------------- ---------------------------------------- ------------------------------------------------------------- ----------- ------ ------------- ------
                                                                                                                                                                      
  **PPT (kg/cm^2^/second)**                                                                                                                                           
                                                                                                                                                                      
  1\. a-tDCS/a-EIMS (n=15)    6.00 (1.76) vs 3.24 (1.40)               2.96 (0.94 to 4.54)[@b4-jpr-12-209]                           8.99        3      2.11          0.02
  2\. a-tDCS/s-EIMS (n=15)    6.53 (3.27) vs 3.86 (2.53)               2.67 (0.92 to 4.63)[@b4-jpr-12-209]                                              1.05          
  3\. s-tDCS/a-EIMS (n=15)    6.43 (3.38) vs 3.76 (2.80)               2.67 (0.28 to 5.82)[@b4-jpr-12-209]                                              0.95          
  4\. s-tDCS/s-EIMS (n=15)    4.73 (2.37) vs 2.95 (2.84)               1.78 (0.55 to 3.02)[@b1-jpr-12-209]--[@b3-jpr-12-209]                            0.63          
                                                                                                                                                                      
  **WOMAC score**                                                                                                                                                     
                                                                                                                                                                      
  1\. a-tDCS/a-EIMS (n=15)    22.31 (23.19) vs 54.75 (13.80)           −32.45 (−38.41 to −16.46)[@b2-jpr-12-209]--[@b4-jpr-12-209]   8.48        3      1.98          0.03
  2\. a-tDCS/s-EIMS (n=15)    32.50 (21.61) vs 52.36 (20.35)           --19.14 (−28.28 to −10.00)[@b1-jpr-12-209],[@b4-jpr-12-209]                      0.94          
  3\. s-tDCS/a-EIMS (n=15)    27.13 (13.22) vs 54.13 (23.56)           −27.00 (−39.29 to −20.70)[@b1-jpr-12-209],[@b4-jpr-12-209]                       1.27          
  4\. s-tDCS/s-EIMS (n=15)    46.60 (16.42) vs 50.47 (20.74)           −5.20 (−15.03 to 4.63)[@b1-jpr-12-209]--[@b3-jpr-12-209]                         0.25          

**Notes:** Post hoc differences between groups are indicated via superscript numbers, which correspond to the respective groups which are labeled as 1 to 4. Pairwise comparisons of predicted marginal means were performed according to the concept of least-squares means. The effect size was calculated by Cohen's d within the group (delta value of outcome/SD before and after treatment sessions). Data presented as mean (SD) (n=60).

**Abbreviations:** a, active; EIMS, intramuscular electrical stimulation; PPT, pain pressure threshold; s, sham; tDCS, transcranial direct current stimulation; WOMAC, Western Ontario and McMaster Universities Index.

###### 

Comparisons of the serum BDNF between groups. Data are presented as mean (SD) and median interquartile (n=60)

                         Baseline   At end treatment                                 
  ---------------------- ---------- ------------------ ------ ------- -------------- ------
                                                                                     
  a-tDCS/a-EIMS (n=15)   27.89      14.83; 59.57       0.56   18.69   4.47; 35.00    0.58
  a-tDCS/s-EIMS (n=15)   30.15      6.18; 57.43               19.96   10.18; 42.00   
  s-tDCS/a-EIMS (n=15)   24.95      13.52; 38.68              21.70   5.99; 50.00    
  s-tDCS/s-EIMS (n=15)   23.87      11.76; 42.69              18.11   5.20; 49.68    

**Notes:** Median were compared using the Kruskal--Wallis test. Data are presented as mean (SD) and median interquartile (n=60).

**Abbreviations:** BDNF, brain-derived neurotrophic factor; EIMS, intramuscular electrical stimulation; tDCS, transcranial direct current stimulation; a-, single interventions active; s-, sham.
